Correlation was detected between the thermal treatment parameters of the AuGe-GaAs system and surface fractal structure. Structural entropic calculations were used to confirm the results obtained by fractal calculations.
Compound semiconductor devices require Ohmic contacts that have improved characteristics. In the course of the development of such devices, different material systems, specifically Au-, Ag-, and Al-based alloys have been analyzed. Analysis of the various material systems found Aubased alloys to be the most reliable. Among the Au-based alloys, the AuGeNi contact system proved to offer the best properties, however; in some cases if Ni is replaced by another layer, the contact performs rather well, too. Cobalt, platinum, and other thin films 1 can also be considered. Analytical techniques are important for the characterization of the resulting complex systems, as the metal-compoundsemiconductor contact can consist of as many as four to eight elements. In general, the processes occurring when contact is formed are not equilibrium ones, so phase diagrams of bulk materials and material parameters are generally of no use. According to our results a typical process is the evaporation of the volatile component of the system during heat treatment. 2 The thin metal film contact that is formed after heat treatment has a characteristic surface structure. It can be described by the toolbox of fractal mathematics, as has been demonstrated by Dávid et al. 3 and Mojzes et al. 4 The description only pertains to the layout and did not go as far as analyzing and modeling to clarify the various technical parameters and the emergence of the surface structure.
The experiments involved n-GaAs epitaxial structures with carrier concentration of 10 15 cm −3 . An etchant solution of NH 4 :H 2 O 2 :H 2 O=1:4:20 was used to etch the wafers immediately before evaporation. Deposition took place onto a preheated substrate heated to 200°C. In order to create the Ohmic contact, the samples thus prepared were exposed to additional thermal treatment in a furnace placed in the workspace of a scanning electron microscope. The heating rate was 150°C / min. During thermal treatment the rate of the evaporated volatile component ͑i.e., arsenic in the case of GaAs͒ was measured over the sample. Gray scale pictures were taken of the surface at regular intervals, and the fractal dimension and the localization properties of the material were analyzed.
Five different algorithms were used to determine the fractal dimensions. One of them, which was developed in our laboratory, used an idea from the wavelet analysis toolbox for giving the fractal dimension, 5, 6 while the other four were modified box counting algorithms. From the two self-made box counting programs one used simplified functions and procedures for the sake of reducing the algorithmical complexity, thus the running time of software decreased. The other two programs were standard FRACLAB routines. First the usability of the programs was tested on a well known object, the so-called Sierpinski triangle, with the dimension of d = 1.5850.
Only two kinds of image processing methods were applied on the scanning electron microscopy ͑SEM͒ pictures before calculating the fractal dimension, decreasing the color depth to 1 bit/ pixel ͑black and white pictures͒ or to 8 bit/ pixel ͑gray scale images͒. The average fractal dimensions produced by the five methods for various heat treating temperatures is shown in Fig. 1 . As an example, the standard deviation of the wavelet based method is also given.
For describing the topology free structure of a wave function or any lattice distribution a pair of localization quantities ͑q and S str ͒ was introduced by Pipek and Varga, 7 which is calculated for the brightness of the scanning electron microscope pictures of the samples with various heat treatment temperature. The picture forms a lattice with N sites ͑pixels͒. The brightness of the pixels Q n is normalized as The participation ratio or delocalization measure ͑intro-duced in Refs. 8 and 9, respectively͒
shows approximately to how many lattice sites the distribution Q n expands. The participation ratio can be normalized by the total number of states N, thus the so-called spatial filling factor,
gives the ratio of the bright lattice sites and q fulfills the inequality,
The spatial filling factor can be used for studying the localization of the distribution ͕Q n ͖. As the first step, a threshold level L th was set, the gray scale picture was transformed to black and white, and the filling factor was calculated. Figure 2 shows some typical q͑L th ͒ diagrams of the heat treated AuGe film on GaAs ͑100͒ substrate. The result for both 440 and 600°C heat treated samples is a line with more inflexion points, showing that the system is a kind of superstructure. However, for the region between 460 and 580°C, the filling factor plots have one inflection with characteristics similar to the Gaussian curve. The plateaus at the high and low threshold level values arise from the fact that the pictures have neither absolutely white, nor totally black domains.
The Shannon entropy,
characterizes the localization of the lattice distribution: it measures how much the given ͕Q n ͉ n =1, ... ,N͖ deviates from the uniform distribution ͑where all Q n s are the same, 1/N͒. The Shannon entropy consists of two parts, the extension and the structural entropies. The extension entropy is derived from the fact that the observed distribution ͕Q n ͖ is localized to D lattice sites and it is defined as
which is the entropy of a uniform distribution over D sites. The structural entropy corresponds to the shape of the distribution, it characterizes purely the deviation of ͕Q n ͖ from the step function. The definition of the structural entropy is
and it fulfills the inequality 0 ഛ S str ഛ − ln q. ͑9͒
The pair ͑q and S str ͒ is called generalized localization, it describes the topology-free structure of the observed distribution. The distributions ͕Q n ͖ of a given localization type ͑e.g., Gaussian͒ with different filling factors q give a characteristic localization map. The ͓q and S str ͑q͔͒ values of the SEM pictures of the studied heat treated samples are plotted, and the results were compared with known localization maps; thus the localization type of GaAs films with various treating temperature was given. A typical example of the S str ͑q͒ plots is given in Fig. 3 . The dashed, the dotted, and the dash-dot lines in Fig. 3 show the localization maps of the Gaussian, the exponential, and a power law ͓͑1+r͒ −2 ͔ localization. The dots in the figure follow the Gaussian localization map, as well as the other nondisplayed samples of the temperature between 460 and 560°C. The pictures of the samples with lower or higher ͑440 and 580°C͒ temperature thermal treatment are nearer to the exponential map, while the 600°C plot is similar to a power law map.
The correlation in Fig. 1 clearly demonstrates that the fractal dimension, i.e., the layout, has a minimum value easy to evaluate. It is to be noted that technologies aimed at optimal contact resistance shows similar minimum values. In this case the optimal temperature necessary to make the emerging metal-compound semiconductor Ohmic contact also shows a characteristic minimum. The AuGe metallization on the compound semiconductor at this temperature leads to optimal specific contact resistance. The localization behavior of the system also changes: in the optimal temperature region the localization is Gaussian while as the deviation from the ideal value increases, the S str ͑q͒ map shows the exponential then the power law characteristics.
In this letter we have studied the fractal and localization properties of heat treated AuGe based Au thin film systems and we have proven that both the value of the fractal dimension and the type of the localization depend on heat treatment temperature. 
